Mammalian meat allergy following tick bites is known to occur in Australia, North America, Europe, Asia, Africa and Central America. Over the last decade, the condition has become increasingly prevalent in tick-endemic areas of Australia and the USA. In mammalian meat-allergic individuals, gelatine allergy and/or cow's milk allergy may co-exist. Awareness of tick-induced allergies in health professionals and the general community is key to both a timely diagnosis and the prevention of mammalian meat allergy. Treatment of mammalian meat allergy is limited currently to avoidance of all mammalian meat, whilst gelatine allergy similarly mandates avoidance of mammalian-derived gelatine, especially intravenously administered gelatine-containing solutions. Adults with anaphylaxis to mammalian meat should have a convalescent tryptase estimation and investigations for mastocytosis should then be undertaken if the tryptase is significantly elevated. Before initiating treatment with certain therapeutic agents (e.g. cetuximab, gelatine-containing substances, bovine artificial blood), a careful assessment of the risk of anaphylaxis, including serological analysis for galactose-alpha-1,3-galactose-specific immunoglobulin E, should be undertaken in any individual who works, lives, volunteers or participates in leisure activities in a tick-endemic area, particularly where a history is obtained of a tick bite prior, or of mammalian meat or gelatine allergy. Strategies aimed at the prevention of tick bites are paramount for primary prevention and amelioration of mammalian meat allergy. Key points 1. Mammalian meat allergies are characterised by delayed anaphylaxis, urticaria and angioedema, occurring 2-10 h after the ingestion of mammalian meat and are commonly preceded by a tick bite. 2. Mammalian meat allergy may be confirmed by galactose-alpha-1,3-galactose and mammalian meat-specific immunoglobulin E estimations, cetuximab skin testing or skin prick testing with fresh, raw, organic meat extracts. 3. Confirmation of gelatine allergy requires intradermal testing if skin prick testing is negative and gelatine-specific immunoglobulin E is not detected. 4. Dietary exclusion of mammalian meat, mammalian gelatine and cow's milk products, as indicated by the individual clinical sensitivity profile, is the mainstay of treatment in allergy to galactose-alpha-1,3-galactose. 5. Mammalian meat-allergic patients should be aware of the risk of allergic reaction to cetuximab, gelatine and mammalian meat-containing therapeutic agents and health supplements and to check the ingredients carefully. 6. Search for co-existing mastocytosis when tryptase levels are elevated in convalescence. 7. Prevention of tick bites appears to limit the duration of the condition in some individuals and is essential to the primary prevention of mammalian meat allergy.
Introduction
On 27 November 2007, an abstract by van Nunen et al. entitled "The Association between Ixodes holocyclus tick bite reactions and red meat allergy" was published online in the Internal Medicine Journal in the proceedings of the Australasian Society of Clinical Immunology and Allergy (ASCIA) 18 th Annual Scientific Meeting (ASM) held in Fremantle, Australia earlier that month [1] . The authors described 25 adult patients with positive skin prick tests and/or red meat-specific immunoglobulin (Ig)E detectable in their serum, 23 of whom had had allergic reactions following the ingestion of red meat (severe anaphylaxis after ingestion of red meat had occurred in 14/23). 24/25 patients had a history of tick bite. The authors postulated an association between the history of prior tick bite and the development of red meat allergy. This work was later published in a slightly expanded form in the Medical Journal of Australia in May 2009 [2] .
On the other side of the world, again in 2007, O'Neil and colleagues had reported a 22 % incidence of grade 3 or 4 hypersensitivity reactions to cetuximab infusion in their patients in Tennessee and North Carolina when compared with an incidence of G3 % nationally and internationally [3] . Following on from this observation, in March 2008, Chung and colleagues published their work wherein they identified specific IgE directed against galactose-α-1,3-galactose (alphagal) as the cause of cetuximab-induced anaphylaxis [4] . In this paper, the authors referred to a series of patients (number unspecified) with IgE antibodies against alphagal who reported having had episodes of anaphylaxis or severe angioedema 1-3 h after eating beef or pork. They speculated that the environmental exposures that may have determined the regional variability seen in cetuximab anaphylaxis might be due to histoplasmosis, amoeba, ticks, coccidiomycosis, nematodes or cestodes [4] . Commins et al. presented these data separately as an abstract at the American Academy of Allergy Asthma and Immunology (AAAAI) meeting in March 2008, reporting 10 patients with recurrent anaphylaxis and angioedema triggered by exposure to beef and pork, all of whom possessed alphagal-specific IgE [5] . Fortuitously, in the same poster area, Dr Raymond Mullins, who had attended the 2007 ASCIA ASM, as the then President-elect of ASCIA, was presenting his work on the clinical significance of sensitisation to gelatine colloids in 800 patients, some of whom were co-sensitised to mammalian meats [6] .
In February 2009, Commins et al. reported 24 patients with delayed anaphylaxis, angioedema or urticaria after consumption of red meat who possessed IgE specific for alphagal [7] . They noted "Interestingly, more than 80 % of the patients in the present cohort report being bitten by ticks before having symptoms; a similar scenario has been recently described in a group of Australian patients" and referenced the 2007 abstract by van Nunen et al. [7] .
Since then, Platts-Mills, Commins and co-workers, [4, 5, 7-10, 11•, 12, 13•, 14-16, 17••, 18•, 19] together with our colleagues around the world, [1, 2, 6, 9, 11•, 16, 18•, 20, 21•, 22•, 23, 24•, 25, 26, 27••, 31-35] have gathered extensive data and provided elegant proofs of the clinical observation by van Nunen et al. [1] that tick bites are associated with the development of mammalian meat allergy. Their work has provided us with extraordinary and continuing opportunities to learn about a clinically unique allergen and to gain fascinating insights into pivotal mechanisms of allergen sensitisation.
Reports from around the world of mammalian meat allergy associated with prior tick bites As ticks are widely distributed around the world it is not surprising that mammalian meat allergy after tick bites has been reported in several countries other than Australia and the USA. The intriguing fact is not that there have been so many reports, but that the number of cases documented in other countries has been so few.
Europe France
In France in 2009, Jacquenet and colleagues documented two cases of mammalian meat-induced anaphylaxis and confirmed by cetuximab skin testing that these patients were sensitised to alphagal [18] . Their group later presented an abstract at the 2012 AAAAI Meeting by Renaudin et al. describing six alphagal-positive patients with delayed urticaria and angioedema due to mammalian meat allergy [20] . Fourteen patients were described from France in 2012, all allergic to pork or beef kidney, all of whom tested positive for skin tests with cetuximab and for alphagal-specific IgE in their serum [21•] . Information regarding exposure to ticks was not included in these series. Morisset et al. at the EAACI-WAO meeting in Milan in 2013, described an additional single case in whom yoghurt allergy and ricotta cheese anaphylaxis developed after a repeat tick bite in a patient with previously established mammalian meat anaphylaxis confirmed by detection of alphagal-specific IgE in the serum [22• ].
Spain
Nunez et al. in 2011 reported five patients from Spain with delayed mammalian meat-induced anaphylaxis [23] . All patients had positive beef and cetuximab skin tests, all had demonstrable beef-, lamb-and pork-specific IgE and all but one reported previous tick bites. The predominant tick species in the area of Spain where their patients lived is Ixodes ricinus [23] .
Germany
In their case report of delayed anaphylaxis following ingestion of gelatine-containing sweets in a patient sensitised to alphagal, Caponetto and colleagues noted that they care for 21 patients in all with red meat anaphylaxis [24•] . In addition, Commins and Platts-Mills [8] have commented that Jappe is said to have identified patients with mammalian meat allergy and cetuximab and alphagal-specific IgE via serological studies and referenced her review of the topic [25] .
Switzerland
In late 2013, in Switzerland, Michel and co-workers published online their study of two patients with mammalian meat allergy, noting that skin prick tests and intradermal tests with cetuximab were positive in both, as were basophil activation tests [26] .
Sweden
Hamsten and colleagues reported initially five patients with mammalian meatinduced anaphylaxis who had presumed exposure to I. ricinus, which is common in the greater Stockholm area [27••] . All five patients possessed alphagalspecific IgE [27••] . This series was later expanded and they have now described 39 patients with mammalian meat allergy and IgE against alphagal [9] .
Korea
A single male patient aged 67 years with delayed pork and beef anaphylaxis and delayed urticaria after ingesting lamb was described by Lee et al. in 2012 [32, 33] . The diagnosis was confirmed by intradermal cetuximab skin testing [32, 33] .
Japan
In Japan in 2012, Sekiya and colleagues reported a single case, a woman aged 74 years, who after a tick bite developed mammalian meat and cow's milk anaphylaxis confirmed by an oral challenge with pork [31] .
Central America
The first four cases in Central America of delayed meat allergy with alphagal positivity were reported by Wickner and Commins in abstract form at the AAAAI Meeting in March 2014 [10] . The tick involved in sensitisation is thought most likely to be A. cajennense [10, 34] .
As far as the author is aware, no cases have yet been reported from South America; however, Ixodidae (ticks) are known to be present and three species frequently parasitise humans: A. neumanni in 46 known localities in Argentina, A. triste in 21 known sites in Uruguay and A. parvum in 27 known areas in Argentina-Brazil, with Ixodes species virtually unknown to infest humans in South America (a single report from the entire continent) [34] .
Two people who have lived all of their lives in a farming community near the coast in the Republic of South Africa have contacted the author regarding their long-standing mammalian meat allergies after tick bites that appeared in adulthood, and one of these patients has a gelatine allergy as well. One person from Costa Rica in Central America has also informed the author of her mammalian meat allergy, which she believes has followed tick bites.
In both Australia and the USA, however, large numbers of patients with mammalian meat allergy following tick bites have been identified [8] . In her practice alone, van Nunen has diagnosed over 500 patients (between 1985 and March 2014, with the great majority having presented from 2003 onwards) within a referral base of 440,000 people (1/880), which includes the tick-endemic areas nearby. She currently diagnoses an average of two people per week with the complaint and in these tick-endemic areas to the north of Sydney, Australia, a diagnosis in adults of mammalian meat allergy, commonly anaphylaxis, appears to be as prevalent (estimate 0.12 % and higher when patients are included who have been diagnosed by other clinical immunologists in the same referral area) as the most common food allergy in adults requiring adrenaline worldwide, i.e. peanut allergy at 0.1 % [38] . Commins and colleagues are aware of in excess of 1,000 individuals with mammalian meat allergy after tick bites (1/8,000) in Virginia alone (population over 8 million) and have estimated that in the south-eastern states of the USA in excess of 5,000 people have the complaint [39] . The actual prevalence figures are likely to be higher in both Australia and the USA if the case frequency was estimated only in the sub-population of those who live in the tick hyper-endemic areas.
The most reasonable explanation for the increasing prevalence of mammalian meat allergy in both Australia and the USA is an increase in host numbers (bandicoots and other small native mammals flourishing in Australia and the increase in the white-tailed deer population in south-eastern USA) [12] .
These contributions to defining the clinical spectrum of mammalian meat allergy associated with prior tick bites are summarised in Table 1 .
Other relevant clinical findings in mammalian meat allergy following tick bites Gelatine allergy and mammalian meat allergy
Gelatine allergy in children
Sensitisation to both beef and pork gelatines has been described in milk and meat-sensitised children [40] . Bogdanovic and colleagues reported 21/130 (16 %) children with beef-specific IgE and 44/116 (38 %) with pork-specific IgE had cross-reactive IgE to gelatine present, whilst 97 % were also sensitised to cow's milk [40] . It is interesting to note that this series of patients was recruited in Maryland, USA, within the known distribution for A. americanum. Gelatine has been added as a stabiliser to several vaccines and reports of anaphylaxis to vaccines on the basis of gelatine allergy have been documented by a number of workers including Kelso and others (MMR) [41] , and Sakaguchi et al. to vaccines (MMR, varicella, Japanese encephalitis) and to gelatine-containing foods [42] . Sakaguchi and colleagues separately reported their findings in 10 children who had suffered an anaphylaxis to vaccines containing bovine gelatine [43] . In the majority of these children, their IgE also bound to kangaroo and mouse gelatine and this binding was completely inhibited by bovine gelatine, whereas reciprocal inhibition was incomplete, leading the authors to conclude that cross-reactivity between the mammalian gelatine was operative [43] .
Gelatine allergy in adults with mammalian meat allergy and detection of alphagal in gelatine and bovine products Whilst avoidance of mammalian meat per se can be accomplished reasonably easily by our patients after advice from a dietitian fully versed in mammalian meat avoidance, those who have clinical sensitivity to gelatine have benefited greatly from the work by Mullins et al. showing the presence of alphagal in gelatine and bovine products [11•] . Their findings now underpin our advice to patients regarding the risks of reacting to gelatine, in particular, as this can be administered intravenously in therapeutic preparations, e.g. gelatine-containing colloids, a route of administration that increases the possibility of anaphylaxis [11•] . Mullins et al. also noted gelatine allergy may be the initial presentation of mammalian meat allergy, recorded clinical reactivity in mammalian meat allergy to both intravenous and oral gelatine, reported a small number of patients with positive gelatine tests and negative mammalian meat tests who reacted to gelatine challenge and who remained free of anaphylaxis avoiding both mammalian meat and gelatine, and noted an historical association between tick bite exposure, sensitisation and allergy to red meat. The patients reported, from Canberra (and across to the Pacific coast), Australian Capital Territory, Australia, were exposed to Ixodes holocyclus [11•] .
Mammalian meat allergy in children
Kennedy and colleagues identified 45 children from Virginia, USA, who had both a clinical history consistent with mammalian meat-induced delayed anaphylaxis or recurrent urticaria and IgE antibody specific for alphagal. All patients had a history of tick bite prior to alphagal detection, 39 of the 45 had evidence for persistent reactions to tick bites [13•] . This finding of local reactivity is in keeping with the fact that 24/25 patients in van Nunen's study had large local reactions at the site of their tick bites [1, 2] and Caponetto et al. noting persistent reactions at the bite site [24•] . Absorption studies in three sera determined that the cow's milk-specific IgE detected was entirely the result of alphagal in the cow's milk and these findings led Kennedy and co-workers to recommend alphagal testing and a search for mammalian meat allergy in those with a new diagnosis of cow's milk allergy who were aged over 5 years and living in tick-endemic areas. In general, the authors concluded mammalian meat allergy in children is not uncommon and that it mirrors their experience in adults [13•] .
The clinical features of mammalian meat allergy, which can include gelatine allergy and/or cow's milk allergy, are now well defined and are known to affect both adults and children. [5, 7] , or gut-related symptoms. & Delay after mammalian meat ingestion is in the range of 2-10 h [5, 23] .
& The mainstay of treatment in mammalian meat allergy is avoidance of mammalian meat and gelatine and cow's milk products where necessary.
Treatment of the acute phase of the allergic reaction
& Treatment of the acute phase of the allergic reaction does not differ from the treatment of anaphylaxis, urticaria, angioedema or gut reactions resulting from exposure to other allergens. Treatment of acute anaphylaxis relies upon adrenaline use as specified in all authoritative guidelines [14, 44, 44] , and other clinical manifestations are treated with supportive or symptomatic treatment, e.g. antihistamines for urticaria. & Completion of a record of events for several hours prior to the anaphylaxis is an important part of the management of an acute allergic reaction [15] . & Provision of an adrenaline auto-injector, together with education of the patient regarding the use, indications and contraindications for its use, provision of anaphylaxis action plans and a travel plan, issue of material illustrating its use (e.g. a DVD), a demonstration by the patient of their proficiency in the use of the device and the completion of online training in administration before they leave the emergency facility or as soon as is practicable is essential [44] .
Treatment in the convalescent phase of the allergic reaction
& Pharmacological treatment in the convalescent phase of the allergic reaction is aimed at relieving residual discomfort resulting from the allergic reaction, e.g. antihistamines for ongoing pruritus and oral corticosteroids to limit any further swelling with angioedema. & Supportive measures, such as administration of intravenous fluids (non-gelatine-containing) for dehydration as a result of gut involvement, may be required. & In the convalescent phase of a reaction, historical evidence for the allergic-provoking factor should be sought, ideally commencing with an event record completed by the patient and their family whilst the events remained vivid, proceeding from immediately prior to the onset of the allergic reaction and extending for up to 12-24 h retrospectively. A history of mammalian meat ingestion some hours beforehand will be forthcoming in mammalian meat allergy. Occasionally, the initial episode in mammalian meat allergy will have been provoked by ingestion of gelatine-containing foods or cow's milk products (often soft cheeses) [11•] . & Search for co-existing mastocytosis where severe anaphylaxis has occurred and convalescent tryptase levels are elevated [35] .
& Patients may have allergic reactions, including their initial episode, far from home. Even in non-tick-endemic areas, questioning should include a search for mammalian meat ingestion, particularly when the patient has presented with an otherwise unexplained anaphylaxis 'in the middle of the night' and tick exposure is possible a result of where they live (even if intermittently, e.g. the family holiday home), work, attend school, volunteer or participate in leisure activities [16] .
Confirmation and characterisation of the mammalian meat allergy underpins treatment & Confirmation of a diagnosis of an allergic reaction due to mammalian meat involves serological testing for alphagal-specific IgE and mammalian meat-specific IgE [7, 24, 27, 28••] . & When gelatine allergy is suspected, intradermal testing is indicated if gelatine-specific IgE is absent and skin prick testing is negative to gelatine [6, 11•] . & In the absence of the availability of alphagal-specific IgE testing, then cetuximab intradermal testing [20, 26, 29••, 31] or cetuximab skin prick testing [23] is useful. & Skin prick testing with extracts of raw organic meats and prick-prick tests with raw meats have also been used to confirm the diagnosis [2, 7, 18, 20] . Skin prick testing with mammalian meats is characteristically small and its significance may be missed by both patient and physician if they are unfamiliar with this fact [7, 13•] . & The vast majority of mammalian meat-allergic patients have a history of a previous tick bite. Occasionally, the evidence for such a tick bite can be subtle, e.g. an excoriated scalp lesion consistent with a tick bite after even a single visit to a tick-endemic area without a tick being found in situ or the tick bite may only be recalled by another family member [16] . & Many patients with anaphylaxis have experienced large local or persistent reactions at the site of previous tick bites. [1, 2, 13 •, 24•, 34] & The role of co-factors in the provocation of an anaphylaxis is well recognised in mammalian meat allergy [7, 21•, 24•] . A careful search for these, particularly for exercise where the anaphylaxis has occurred within 2 h of ingestion of the mammalian meat, is often rewarding [7, 21•, 24•] . Other co-factors have been observed to amplify the reactions including alcohol [21•] . The role of co-factors may well offer an explanation of the observations made by many of our patients that they do not react every time they eat mammalian meat, particularly when they exhibit a low level of sensitisation [20] . & The safety of mammalian meat-allergic patients is improved when they understand the role of co-factors in determining whether or not they will suffer an anaphylaxis on any given occasion after ingestion of mammalian meat. It is useful, especially when a severe anaphy-laxis has occurred, to state the obverse of "they may not react every time", i.e. "that they may react on any occasion after ingesting mammalian meat". & Certainly, many mammalian meat-allergic individuals will tolerate small amounts of mammalian meat and if this has been their experience repeatedly, then continued ingestion of such amounts does not appear to result in a worsening of the allergic reactions. & Following confirmation of a diagnosis of mammalian meat allergy, a medical alert device should be offered to avoid reactions to intravenous gelatine especially in those sensitised, to warn against the use of artificial bovine blood and document the mammalian meat anaphylaxis for travellers.
Dietary exclusion is the mainstay in treating mammalian meat allergy & Avoidance of mammalian meat in the diet is of proven benefit in those with anaphylaxis after ingestion of mammalian meat [7, 11•, 13•, 34] . In those with a stable pattern of delayed urticaria, it may be possible for them to reduce the amounts they consume, be consistent with cooking methods and remain eating some mammalian meat. 
Emerging therapies
& Omalizumab is currently being trialled in carefully selected patients with severe morbidity from mammalian meat allergy (personal communication, Dr Karl Baumgart, Sydney, Australia).
Paediatric considerations
& Whilst the literature has mainly reported adults with mammalian meat allergy, it is important to note this condition also occurs in children [13•] .
